Introduction
A proper classification of the scalar mesons is still being clouded by two major problems, which mutually hamper the resolution of either. The first difficulty is the apparent excess of experimentally confirmed scalar resonances with respect to the number of theoretically expectedqq states. The second problem is to unambiguously identify theqq configuration of the isoscalar scalar mesons, i.e., the f 0 (400-1200) (or σ), f 0 (980), f 0 (1370), f 0 (1500), and f 0 (1710). In previous work, especially the former issue has been addressed, showing that the light (below 1 GeV) scalars can be described as a complete nonet ofqq states, resulting from either the dynamical breaking of chiral symmetry [1] , or the coupling of bare P -waveqq systems to the meson-meson continuum in a unitarized approach [2, 3] . We believe that these two mechanisms are intimately related to one another, though in a not yet completely understood fashion. In any case, in both pictures the scalar mesons between 1.3 and 1.5 GeV form another nonet, and so forth. So we conclude there is no excess of observed resonances, thus dispensing with the introduction of new degrees of freedom.
Here, we want to focus on the second issue, namely the identification of the isoscalars, especially the vehemently disputed f 0 (980), f 0 (1370), and f 0 (1500), in an as model-independent way as one may achieve. In Refs. [4, 5] qualitative arguments from observed hadronic decays have already been presented that favor, in our view, a mainlyss configuration for the f 0 (980) and f 0 (1500), and a dominantly nonstrangeqq content for the f 0 (1370). Furthermore, we are engaged in substantiating these arguments by analysing also the four-pion decays of these scalars via intermediate ρρ and σσ two-resonance states, in a similar way as done for the ω → ρπ → πππ cascade process in Ref. [6] . In the present work, we shall employ the weak and electromagnetic decays (as opposed to the more complicated strong-interaction dynamics) D + s → f 0 π + and f 0 → γγ, respectively, which will give quantitative support for ourqq assignments. These processes will be analysed in a simpleqq picture for the corresponding f 0 resonances, with a minimum of model-dependent input.
This paper is organized as follows. In Section 2 we compute the weak decays D 
Weak decays D
First we compute the parity-conserving weak decays D + s → π + f 0 (980) and π + f 0 (1500), supposing for the moment that both of these final-state scalar mesons are purelyss. Given the Fermi
Hamiltonian density
GeV −2 and
.27) MeV, the magnitudes of the corresponding weak decay amplitudes of W + emission are [8] (also see Ref. [9] )
being both close to the data [7] (178±40)·10 −8 GeV and (96±28)·10 −8 GeV, respectively. The latter amplitudes are extracted from the observed decay rates Γ according to
The agreement of Eqs. (1) and (2) with the data, which has already been noted in Refs. [5] and [10] , respectively, shows that first-order perturbative weak graphs have impressive predictive power.
The formulae of Eqs. (1) and (2) 
. From Ref. [11] we learn that the corresponding contributions are suppressed and often negative for K and D decays. Throughout this work we assume C 2 = 1, thereby absorbing the anticipated negative marginal contributions of the further operators as a correction to the value C 2 ≈ 1.25 quoted in Ref. [11] . Furthermore, we may observe that, since decay rates ofqq systems are to a good approximation proportional toqq probability distributions at theqq center of mass [12] , the higher-order OPE terms seem to cancel corrections from theqq wave function, such that we meet the experimental data.
The coincidence that both effects -one perturbative and one nonperturbative -compensate each other may have some physical roots. It is also important to notice that, although we do not rely on wave functions in this paper, we bear in mind the nonet assignment given in Refs. [2, 3] , which classifies both the light nonet of scalar resonances and the nonet between 1.3 and 1.5 GeV as ground states, each from a different origin. As a consequence, we do not foresee the usual suppression factors for radial excitations in the case of the f 0 (1500) (and also the f 0 (1370)), as for instance used in Ref. [13] .
Another way to study Eqs. (1) and (2) above is to take the ratio
(using m f 0 (980) = (980 ± 10) MeV, m f 0 (1500) = (1500 ± 10) MeV and m D
which is independent of the weak scale G F , the CKM parameters |V ud |, |V cs |, and the pion decay constant F π . As such, Eq. (3) is the kinematic (model-independent) infinite-momentum-frame (IMF) (see e.g. Ref. [14] ) version. The data [7] depend on the branching ratio and center-of-mass (CM) momenta as
showing again a very good agreement. Here, we have used the measured branching ratios [7] Γ(D 
Electromagnetic scalar decays S → 2 γ
An alternative process to analyse the flavor content of the f 0 mesons is the two-photon decay, since the corresponding amplitude is very sensitive to the masses and especially the charges of the particles involved. Moreover, this process may also provide a tool to determine whether some of these isoscalar scalar meson are in fact glueballs [16] . In our analysis, we shall restrict ourselves to those f 0 states for which two-photon decays have been observed.
The decay f 0 (980) → 2 γ
The PDG tables [7] now report the scalar f 0 (980) → 2 γ decay rate as (0.39 ± 0.12) keV. Given the scalar amplitude structure [17, 18, 19, 20 
If the f 0 (980) werenn, the isoscalar u,d quark-loop analogue of the isovector π 0 → 2 γ amplitude,
generate an f 0 (980) → 2 γ decay rate a factor of 21 times too large 1 . If, instead, the f 0 (980) is a puress state, the f 0 → 2 γ amplitude magnitude becomes [18] 
2 for the nonstrange isoscalar
(ūu +dd), and ( Therefore, rather than involving the model-dependent quark coupling and constituent quark masses as above, we instead consider a combination of the decay chains f 0 → K + K − → 2 γ and 17, 18, 19, 20] . According to Refs. [17, 20] , the kaon loop is suppressed by 10% due to a, so far experimentally unconfirmed, scalar κ(900). (However, very recent results from the E791 collaboration present preliminary evidence for a light κ (see e-print in Ref. [15] ), which would confirm the prediction [1, 2] of such a state.) In order to proceed, we have to remind the reader to the standard mixing scheme between the "physical" states (|σ(600) > and |f 0 (980) >), and the nonstrange and strange basis states |nn > and |ss >, i.e.,
1 We introduced the SU(3) charge matrix
Without changes, we could of course also use the identity
113.00 ± 1.04) MeV instead of Fs s would bring us even closer to the data, as
With quadratic mass mixing, one can define for the states |nn > and |ss > the nonstrange and strange mass parameters mn n and ms s by [18] as
Throughout this paper we choose a mixing angle of [20] , and assume the scalar-meson masses to be m f 0 (980) = (980 ± 10) MeV [7] and m σ(600) = 600 MeV. Since the interaction Lagrangians between the f 0 and the pseudoscalars π ± and K ± are proportional to f 0 , the Lagrangians can, within the same mixing scheme, be simultaneously reexpressed in terms of nonstrange and strange fields, i.e.,
Within the usual nonet, that is, the U(3) picture, the scalar (S) and pseudoscalar (P) fields are proportional to linear combinations of the Gell-Mann matrices λ 0 , λ 1 , . . . , λ 8 (λ 0 denotes here 2/3 1 3 with 1 3 being the 3-dimensional unit matrix), denoted by Q S and Q P , respectively.
From the quark content of the corresponding mesonic systems, it is easy to derivē
In the linear σ model (LSM), the interaction Lagrangian L (S P 1 P 2 ) is proportional to the flavor trace Tr (Q S {Q P 1 , Q P 2 }), and so are the corresponding coupling constants. It should be mentioned that the charge of a mesonic system φ is determined by Tr (Q [Q φ , Q
T φ ]). Thus, we derive for the relevant channels under consideration, i.e.,nn → ππ,nn → KK,ss → ππ, and ss → KK:
The corresponding equivalent symmetric structure constants dn n 33 , dn n K 0 K 0 , ds s 33 , ds s K 0 K 0 , with d abc = Tr(λ a {λ b , λ c })/4, for two neutral pseudoscalars in the final state have already been derived in Ref. [21] . In accordance with the σ-model results, we determine the corresponding
and for φ s ≃ − (18
In order to compute these numbers, we used F π ≃ (92.42 ± 0.27) MeV, F K ≃ (113.00 ± 1.04) MeV, i.e. F K /F π ≃ 1.22. Putting all this together, we obtain for the pion-and kaon-loop
As ξ π = m 
yielding, respectively,
Reducing the kaon-loop amplitude in Eq. (14) by 10 % (owing to the scalar κ(900) loop), but leaving the value of its error unaltered, predicts (0.85 ± 0.26) · 10
) for the modulus of the f 0 (980) → 2 γ amplitude, reasonably near the data [7] in Eq. (5). Therefore, whether we employ quark loops or instead π and K loops as in Eq. (14), it is clear that the f 0 (980) → 2 γ amplitude can only be understood, if the f 0 (980) is mostlyss. 4 This is the same conclusion as obtained, more easily, from the weak
Similar conclusions for the flavor content of the f 0 (980) can be found in Refs. [24, 25] . Furthermore, in Ref. [26] two possibilities are indicated, either dominantlyss, or flavor octet, which is dominantlyss as well.
The decay f 0 (1370) → 2 γ
Now we study the process f 0 (1370) → 2 γ, using the same techniques as above. In the meson listings of the Particle Data Group [7] , two values are given for the two-photon partial width of the f 0 (1370), i.e., (3.8 ± 1.5) keV and (5.4 ± 2.3) keV, from Refs. [27] and [28] , respectively.
In these analyses, the 2γ coupling is determined from the S-wave γγ → ππ cross section in the energy region under the f 2 (1270). However, the peaking of this cross section above 1 GeV is explained by the authors as a consequence of a low-mass-scalar suppression due to gauge invariance (see also Ref. [16] ), pushing the corresponding distribution towards the high-mass end of the f 0 (400-1200), rather than as a signal of the f 0 (1370). For the purpose of our present study,
we abide by the current PDG interpretation favoring the f 0 (1370), but keeping in mind that the experimental situation is anything but settled. Furthermore, we average the two data on the two-photon partial width, providing us a, albeit preliminary, theoretical value of (4.6 ± 2.8) keV, with amplitude given by (using m f 0 (1370) = (1370 ± 170) MeV)
In order to apply again a meson-loop approach, we develop once more a meson-mixing scheme,
Again we define, using quadratic mass mixing with respect to the states |nn > and |ss >, the 4 Surely, the error bars of the presented analysis rely strongly on the assumption that we choose a sharp σ-meson mass m σ = 600 MeV, without any uncertainty. 
Consequently, we use the couplings
to determine the pion-and kaon-loop amplitudes
Using ξ π = m 
Combining all the previous results, we arrive at
If we again reduce the kaon-loop amplitude by 10% owing to the κ(900), and assume for the moment that the f 0 (1370) is purelynn, we get for the modulus of the decay amplitude the value with experiment. However, such a large mixing angle, which would imply an almost puress substructure for the f 0 (1370) seems to be excluded by the weak processes discussed in the previous section, as well as by hadronic decays [5] .
Alternatively, if instead we try thenn u, d quark loops, the f 0 (1370) → 2 γ amplitude would 
Conclusions
In this paper we have studied weak and electromagnetic decay processes with isoscalar scalar mesons in the final and initial state, respectively, in order to identify the quark substructure of 
Regarding the electromagnetic processes, calculation of the experimentally observed twophoton decays f 0 (980) → γγ and f 0 (1370) → γγ, using either quark or meson loops, leads to good agreement with the experimentally measured rates, provided that the f 0 (980) is assumed to be mostlyss and the f 0 (1370) mainlynn, and taking moreover the controversial PDG data on the f 0 (1370) at face value (see discussion in Sect. 3.2). While the quark-loop results depend rather sensitively on the (model-dependent) quark masses and mixing angles, especially in the case of the f 0 (980), the meson-loop results only depend on thenn vs.ss mixing and, therefore, are more stable and reliable.
At this point we should remark that, in a strict SU(3) extension of the quark-level LSM (qlLSM) [21] , which to some extent underlied our approach here, both quark and meson loops should be included in the two-photon decay amplitude of the f 0 (980), being a ground-state scalar meson. As a matter of fact, the contributions of both kinds of loops are needed for the σ(600)
-in the SU(2) case -so as to get near the not-so-well known experimental two-photon width of the f 0 (400-1200) (see Ref. [29] , reference no. 19). However, as mentioned in the text, the quark-loop result for the f 0 (980) is very sensitive to the quark masses and the mixing angle, due to a rate-enhancement factor of 25 for the nonstrangeqq component. By a judicious but not unreasonable choice of these parameters, one can easily make the quark-loop contribution vanish, which would occur (using g f 0 SS = √ 2 2π/ √ 3) for e.g. Summarizing, weak and electromagnetic processes lend quantitative evidence to a dominantlȳ ss interpretation of the f 0 (980) and f 0 (1500), and a mostlynn assignment for the f 0 (1370). 
|M(K
+ → π + π 0 )| = G F |V ud | |V us | 2 √ 2 F π (m 2 K + − m
